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However, FRET efficiency suffers from a limited length scale of approximately 10 nm because of strong distance dependence of this process. Relatively large NCs diameter, which physically increases the donor−acceptor center to center separation, 12, 13 and inhomogeneous broadening of the NCs, which leads to intraensemble energy transfer, 14, 15 decrease the donor−acceptor FRET efficiency. Recently, it has been demonstrated that local electric field enhancement resulting from the localized surface plasmon (LSP) near a metal nanoparticle (MNP) can increase the strength of the donor−acceptor interaction, help to overcome the limit of the long center-to-center separation, and enhance the exciton transfer efficiency. 16 In this regard, it is predicted that alteration of FRET mechanism with plasmonic structures offers great potential for FRET-based bioimaging and FRET-driven nanophotonic device applications. 17, 18 LSP-interacted FRET between donor−acceptor pairs has gained a strong interest and has been theoretically and experimentally explored.
19−27 LSP-interacted FRET has been observed in core−shell structures, 28,29 planar structures, 30, 31 and a single donor−acceptor pair coupled by single MNPs. 32 Up to 70% enhancement in the Forster radius and 2 orders of magnitude increase in the FRET rate have been observed in LSP-enhanced FRET from a conjugated polymer to fluorescent multilayer core−shell NPs. 33 However, a few works explore this mechansim in any kind of optoelectronic applications. 34, 35 More recently, LSP-enhanced FRET has been investigated in layered structures with separated donor NCs, acceptor NCs, and plasmonic nanostructures. 17, 30, 36 Layered structure provides the opportunity to easily control the separations and ordering of the layers. A. L. Bradely et al. reported that positioning MNPs between the donor and the acceptor NCs and optimizing the separation distance result in large LSPenhanced FRET rate. 30 Furthermore, better LSP-enhanced FRET interaction has been demonstrated from the photoluminescence (PL) point of view by placing the plasmonic MNPs layer in the proximity of the donors layer while being sufficiently far away from the acceptors layer. 18 In this article, we showed layered plasmonic and nonradiative energy-transfer interactions in a photovoltage controlled device by coupling MNPs to the donor−acceptor NCs dipolar interaction and enhancing excitons transfer from the donor to the acceptor NCs during the operation of the device. Here, we presented an NC-based photosensor that relies on photovoltage build-up readout for light-sensing applications. This device does not require any external bias, but instead operates based on photogenerated voltage build-up, unlike conventional charge collection devices. Therefore, enhancement or detraction in excitons generations due to the LSP-interacted FRET can be easily monitored in the proposed architecture. Moreover, we analyzed the changes in NCs emission under the LSP-interacted FRET condition and systematically studied the enhancement in energy-transfer efficiency within our structures. In addition, we proposed a theoretical model to elucidate underlying physics behind the experimental results. The numerical results showed the enhancement in LSPenhanced FRET efficiency, which was in excellent agreement with the systematic experimental measurements.
RESULTS AND DISCUSSION
The devices were assembled via subnanometer precision by layer-by-layer (LBL) technique (Supporting Information Figure  S1 ). Similarly, all layered structures for PL and time-resolved fluorescence (TRF) measurements were prepared with the same recipe used for devices. The structures consisted of the donor NCs, the acceptor NCs, and the Au MNPs, each interspaced by a polyelectrolyte spacer layer. The thickness of the PDDA−PSS bilayer was approximately 1.2 nm as verified by the optical ellipsometry measurement. Details on the assembly procedures were explained in our previous works. 37, 38 In this work, highly luminescent and stable CdSe/CdZnS NCs with diameters of 4.80 and 6.20 nm were synthesized following a modified recipe of W. K. Bae et al. 39 as the donor and the acceptor NCs, respectively. As-synthesized NCs were ligand exchanged using negatively charged mercaptopropionic acid, which yielded stable NCs in aqueous solution (Supporting Information Figure S2 ). Negatively charged thioglycolic acidcapped Au MNPs with an average diameter of around 5 nm were prepared following the modified synthesis recipe of M. N. Martin et al. 40 (Supporting Information Figure S2 ). The synthesized Au MNPs showed high stability in solution, which allowed the preparation of a well-defined monolayer structure during the LBL process. Furthermore, MNPs of this size can be well processed into closely packed monolayers with welldefined vertical thickness, which would not be possible with larger gold MNPs. Indeed, larger nanoparticles suffer from low concentration in solution, resulting in low-density and rough monolayer topography, which is undesirable for LSP-interacted FRET studies. 30 The donor and the acceptor NCs have an emission peak at 530 and 661 nm in solution, respectively. Absorption and emission spectra of the donor, the acceptor, and the Au MNPs are provided in Figure 1a (see amplitude-averaged lifetime of NCs in Supporting Information Figure S3 ). It can clearly be seen that the donor and the acceptor have spectrally separated PL emission spectra and the donor emission overlaps well with the acceptor absorption, enabling efficient resonant energy transfer between the donor and the acceptor NCs. Moreover, the LSP resonance of the Au MNP is visible as a peak at 523 nm in the absorption spectra, which overlaps with the donor emission peak, see Figure 1a .
To verify the existence of LSP-enhanced FRET, we conducted PL and TRF spectroscopy of the trilayer structure as well as the reference donor, acceptor, donor−acceptor bilayer, and Au MNPs−NCs bilayers. Here, the trilayer structure was based on donor−Au MNPs−acceptor ( Figure  1b PL spectra of all prepared NC films are demonstrated in Figure 2a . First, we prepared a monolayer of the donor and the acceptor structures. In these samples, one monolayer (1 ML) of NC is deposited on top of four bilayers of polyelectrolyte polymers. In order to get a film of NC monolayer with enough surface coverage and uniformity, we noticed that four bilayers of PDDA−PSS were necessary. The control groups for plasmonics were set as follows: The donor NCs were plasmon-interacted to 1 ML of Au MNPs interspaced by 3 MLs of PDDA/PSS pair followed by a final single layer of PDDA. Similarly, for plasmon coupling to an acceptor, 1 ML of Au MNPs was interspaced from 1 ML of acceptor NC by 7 MLs of PDDA/PSS pair, followed by a final single layer of PDDA. As can be seen in Figure 2a , because of the close range between donor NCs and Au MNPs, the donor emission was quenched by 31%, ascribing to an increase in nonradiative processes. In contrast, in the case of sufficient distance between Au MNPs and acceptor NCs, we observed emission enhancement of the acceptor NCs by 35% because of the local electric field enhancement generated by the MNPs. 41, 42 For the only FRET control group, 1 ML of the donor NCs was interspaced from single acceptor NCs layer by 17 MLs of PDDA/PSS pair, followed by 1 ML of PDDA. In this case, the donor emission was reduced by 25%, while the emission of the acceptor was slightly increased by 6%. Next, we prepared a trilayer structure where a single donor NCs layer was separated from single layer of Au MNPs layer by 3 MLs of PDDA/PSS pair plus 1 ML of PDDA. Likewise, 1 ML of the acceptor NCs was interspaced by 7 MLs of PDDA/PSS pair + 1 ML PDDA from the Au MNPs. Figure 2a shows that the acceptor emission in the trilayer structure undergoes a significant enhancement of 68%, whereas the PL intensity in the donor NCs is reduced by 64%. In all cases, the PL enhancement/quenching is calculated from the integrated deconvolved donor/acceptor spectra.
To further understand the plasmon-coupled FRET, we develop a theoretical model to describe the experimental results. We separate our problem into three cases: (1) FRET in donor−acceptor NCs; (2) plasmon-enhanced (donor/acceptor) NCs; and (3) plasmon-interacted FRET donor−Au MNPs−acceptor. Here, the main resulting interactions are exciton−exciton and exciton−plasmon interactions (see Supporting Information Figure S4 ). First, we estimate FRET rate in the donor−acceptor NCs considering the case of a single donor NC to a two-dimensional (2D) layer of acceptor NCs: 
where R 0 is the Forster radius; 43 γ D = γ D,r + γ D,nr = 1/τ D is the donor exciton recombination rate; σ A is the number of acceptor per unit area; and d is the donor−acceptor center-to-center separation distance. The respective emission enhancement factors are
Next, we consider the case of NCs interacting with MNPs. The energy-transfer rate from a single NC to a 2D MNP array is 
where
for α = x, y, z, respectively; ε 0 is the medium dielectric constant; ε MNP (ω) is the Au dielectric function; σ MNP is the number of Au MNP per unit area; R MNP is the radius of Au MNP; d exc is the donor NC exciton dipole moment; d is the NCs-Au MNPs center-to-center separation distance; and ε eff = (2ε 0 + ε NC )/3 is the effective dielectric constant. The total nonradiative-transfer rate from the NC to the MNP is defined as γ nr,metal = (γ x + γ y + γ z )/3. We assume that γ NC,nr = γ 0,NC,nr does not change in the presence of MNPs, while the radiative rate and absorption intensity are modified by the MNPs as
where γ 0,NC,r , γ 0,NC,nr , and I 0,abs are radiative, nonradiative, and exciton generation rate in the absence of MNPs, respectively; ω LSP is the localized surface plasmon frequency of the Au MNP; and A(ω) is the electric field enhancement factor termed as
where E in,NC , E 0 is the electric field inside the NCs in the occurrence of MNPs and in the absence of MNPs, respectively. The emission enhancement factor (κ LSP (ω)) for the NC in the occurrence of MNPs is 
Finally, we calculate plasmon-interacted FRET for the case of donor−acceptor NCs in the presence of MNPs and estimate the emission intensity for the donor and the acceptor NCs. The energy-transfer rate between the donor (acceptor) − MNP is estimated as mentioned above. The enhancement in FRET efficiency is calculated for a single donor NC to a 2D plane of acceptor NCs as follows:
Here, we assume that the Forster radius is enhanced by
This assumption is supported by refs18 and 30, where it was experimentally shown that the Forster radius is enhanced by approximately a factor of 2 (R 0,LPS ∼ 2R 0 ) when the LSP of the MNPs are coupled to the donor NC. Thus, the donor (acceptor) emission enhancement factor is given by 
The theoretical results are in good agreement with the experimental findings, however, there are slight differences between them as can be seen in Figure 2 and Table 1 . These differences between experimental and theoretical calculations in the donor side of Au MNPs−donor and donor−acceptor NC bilayers can be referred to the differences between the assumptions made in theoretical and the experimental conditions. For instance, we consider that there is no energy transfer between the same species, i.e., donor−donor or acceptor−acceptor energy transfer. In addition, there is a possibility of partial detachment of the donor NCs during LBL assembly. The donor and acceptor NCs layer are interspaced with 17 MLs of polyelectrolyte layers, which requires several consecutive dippings and rinsings that may result in fractional detachment of donor NC layers. Further proof of LSP-enhanced FRET is found in the comparative study of the emission kinetics of structures using TRF. Figure 3a shows a strong modification in the TRF caused by plasmon and/or FRET interaction. For instance, the amplitude-averaged PL lifetime of the donor NCs layer decreased from 10.08 to 7.52 ns in the donor−acceptor bilayer structure, compared to the reference only donor structure. On the other hand, in the existence of Au MNPs, the donor lifetime decreased to 5.44 ns due to the plasmon resonance energy transfer. Finally, in the trilayer structure, the donor lifetime was further decreased to 3.13 ns, indicating strong energy transfer. For the LSP-enhanced FRET system described above, the calculated energy-transfer rate was 0.22 ns At the acceptor side (see Figure 3b) , the acceptor NCs amplitude-averaged lifetime was 5.43 ns, whereas in the presence of Au MNPs, which were placed at a sufficiently long interval (7 PDDA/PSS pairs) from the acceptor NCs, the lifetime decreased to 4.72 ns. Here, the increase in the local density of states near Au MNPs provide additional channels which increased the overall de-excitation decay rate. On the other hand, in the presence of the donor without Au MNPs, the acceptor NCs lifetime changed from 5.43 to 6.27 ns due to donor−acceptor Forster-type energy transfer. Finally, in the presence of LSP-enhanced FRET, we observed a further increase in the acceptor NCs lifetime to 7.01 ns. This increment indicates a stronger energy transfer between all species.
Next, we investigate the influence of LSP-interacted FRET on the active operation of our colloidal photosensors, which we coin photosensitive nanocrystal monolayers (PNMs) here. These PNMs can operate using only a single monolayer of NCs where across which no external bias is applied. Such an architecture is suitable for the utilization of layered structures where there is an increasing donor−acceptor NCs dipolar interaction via LSP and/or FRET. With light illumination on the NCs, most of the photogenerated excitons created inside the NCs are disassociated at the NC-Al interface. While electrons favor staying in the NCs, holes are transferred into the Al side because of the energy band alignment at the interface. These are essentially nontrapped and accumulated charges because of the capacitive nature of the PNM. Nonetheless, some of the photogenerated electrons can also be trapped and remained in the NCs. 46, 47 When the light impinges on the device, we first observe a net potential build-up. After reaching a peak point, this voltage build-up decreases as a function of time until it reaches a steady state in the presence of lighting. After that, when the incident light is turned off, a negative potential (voltage build-up) appears, and over time it returns to the initial level (see Supporting Information Figure S5 ). To elucidate the device's working dynamics, it is important to note that the nontrapped charges (accumulated charges) continuously discharge because of the shunt resistor (100 MΩ connected externally to the device) and the RC decay of the whole circuitry (the device + shunt resistor). Moreover, there are trapped charges in the NCs, which cause a negative potential in the absence of light. 48, 49 When the voltage build-up reaches a peak point, these opposing effects become equal and neutralize each other. By switching off the light at the peak point (see Figures 4 and 5) , the photovoltage build-up appears to decay and goes negative. This negative value is due to the trapped charges. As a consequence, the negative voltage build-up gets to its lowest value and then comes back to zero (starting level). The time needs for the negative build-up to return zero is directly linked to the time required to deplete these trapped charges. In consequence, PNM can be counted as an open-circuit device that relies on photogenerated voltage build-up. As a figure of merit for the photosensitivity of the PNM, we calculated it according to the ratio of S = V/P, where V is the photovoltage build-up (in V) and P is the incident optical power (in W) impinging on the active area of the device.
To this end, we demonstrate that using the LSP-enhanced FRET, photovoltage build-up and consequently photosensitivity in PNM can be strongly enhanced, and largely broadband photosensitivity is achievable. Photovoltage build-up as a function of the time across seven devices with different structures are presented in Figures 4 and 5 . In all cases, the voltage build-up enhancement/suppression is calculated from the ratio of peak values. For the device employing a single donor NC layer, we show change in the photovoltage build-up levels at different excitation wavelengths (Figure 4a) . In order to explore the localized plasmon interaction in the proximity of MNPs, we put 3 MLs of PDDA/PSS pairs between donor NCs and Au MNPs. With respect to the only donor device, the Au MNPs−donor device shows a reduction in the voltage build-up (Figure 4b ) due to enhancement of nonradiative channels by Au MNPs and consequently reduction in sensitivity of the device (see Supporting Information Figure S6 ). Diminishing voltage build-up can be explained by quenching due to the insufficient interspace distance between NCs and MNPs, which influences the charges trapped inside NCs and migration of the holes to the Al contact. Hence, the only donor sample has a detectable voltage buildup of 0.89 mV around 550 nm wavelength; however, in the donor−Au MNPs structure the operational wavelength range is limited to 475 nm wavelength (0.86 mV) caused by repression of charge accumulation. On the other hand, in comparison to the only acceptor and acceptor−Au MNPs devices, the enhancement in the voltage build-up can be clearly seen in Figure 4c ,d. This improvement is based on the reduced quenching of excitons via increasing the spacing between NCs and MNPs (7 MLs PDDA/PSS pairs). As a result, in the presence of Au MNPs, there is an enhancement in optical absorption of the NCs film, resulting in increasing the electron and hole pairs generation. Respectively, a larger voltage build-up is observed (up to 2.38-fold enhancement) which consequently enhances the sensitivity of the device (Figure 4 c,d and Supporting Information Figure  S7) . Similarly, for the plasmonic device structure, a voltage build-up is observed at longer wavelengths (up to 575 nm), which indicates the absorption enhancement in NCs. Moreover, at around 525 nm excitation wavelength, the acceptor−Au MNPs device shows a significant enhancement in the photosensitivity, which agrees well with the Au MNPs LSP resonance peak.
Next, we examined the device in which FRET is the only active process. The donor and the acceptor NCs in this structure were interspaced by 17 MLs of PDDA/PSS pairs with a total thickness of t D−A ≈ 22 nm, which was equivalent to the surface-to-surface donor−acceptor separation in the trilayer structure. The voltage build-up in the donor−acceptor bilayer sample (Figure 5a ) was slightly higher than only acceptor reference sample (Figure 4c ) because of an inefficient FRET mechanism due to large NCs separation (see Supporting Information Figure S8 for more details). Then, we looked at the trilayer structure, which showed a considerable enhance- ment in the voltage build-up, photosensitivity, and extension of operating wavelengths (see Figure 5b) . The spotted enhancement in the trilayer structure's performance can be accredited to the LSP-enhanced FRET. The presence of MNPs results in an increased FRET efficiency between the donor and acceptor NCs, and subsequently more excitons were generated at the NCs layer underneath the Al electrode. These electron hole pairs dissociated, and the holes accumulated at the electrode (Al contact), resulting in a larger voltage build-up. Likewise, more electrons get trapped in the NCs, as perceived from the larger negative voltage levels of the photovoltage build-up. This consequently enhanced the photovoltage build-up by a factor of up to 1.4 compared to that of an only acceptor device. The trilayer structure revealed a significant enhancement in the voltage build-up and sensitivity around 525 nm with a 2.91-fold enhancement, which agreed properly with the LSP resonance peak of Au MNPs. Additionally, the trilayer NC monolayer structure exhibited considerable extension in its operating wavelength range to 575 nm. With respect to the acceptor monolayer structure with Au MNPs, the trilayer structure's photovoltage build-up showed an increase up to 1.9-fold. This observation suggests the strong impact of the LSP-enhanced FRET in the proposed device architecture. Hence, in comparison to the donor−acceptor NCs bilayer sample, we observed an approximately 2-fold enhancement in the voltage buildup of the trilayer device around the Au MNPs LSP, indicating the effect of MNPs on the energy-transfer process (see Supporting Information Figure S9 for more details).
To investigate the direction of the energy transfer, we fabricated a reversed structure whose voltage build-up is presented in Figure 5c . For this structure, the places of the donor NCs and the acceptor NCs were exchanged; however, keeping the rest of the device structure identical to the trilayer structure, 1 ML of donor NCs was interspaced by 3 MLs of PDDA/PSS pair from a single layer of Au MNPs. Similarly, 1 ML of acceptor NCs was interspaced by 7 MLs of PDDA/PSS from 1 ML of Au MNPs. The inferior performance of the reversed trilayer device was ascribed to the depopulation of photogenerated electron hole pairs from the monolayer of donor NCs because of the energy transfer in the opposite direction. So, fewer number of holes accumulated at the Al electrode, and accordingly, fewer number of electrons trapped in the NC layer beneath the electrode. As seen in Figure 5c , there is a noticeable difference between the reversed structure and the only donor device (see Supporting Information Figure  S10 for more details). More than a 3-fold suppression in the voltage buildup of the reversed device and its operation wavelength range reduction (350−450 nm) indicated that a large number of excitons were transferred to the acceptor NCs rather than migrated to the Al electrode. To this end, lower performance of the acceptor−Au MNPs−donor (reversed trilayer) device compared to the Au MNP−donor device suggested that the quenching effect and exciton transfer between the NCs were responsible for this performance reduction. Subsequently, these observations strongly coincide with the proposed LSP-enhanced FRET process from the monolayer of a donor toward the acceptor NCs. Figure 5d presents the photosensitivity comparison between the acceptor, the donor−acceptor bilayer, the acceptor−Au MNPs−donor (trilayer), and acceptor−Au MNPs−donor (reversed trilayer)-based devices as a function of the excitation wavelength. As it can be clearly seen, the performance of devices is in good agreement with the optical absorption spectra of NCs.
Likewise, there is a lower negative voltage value at longer excitation wavelengths due to the less number of photogenerated charges, attributable to the absorption spectra of NCs. Furthermore, at longer wavelengths (above 600 nm), NCs show absorption, however, none of the device show any photosensitivity at that range as the number of photogenerated electron−hole pairs are not sufficient.
CONCLUSION
In this article, Au−MNP-assisted nonradiative energy transfer resulted in a significant increase in the population of photogenerated excitons, enhancing the sensitivity of the device and extending operating wavelength range. The obtained experimental observations and numerical simulations exhibited that the enhancement in LSP-enhanced FRET device was superior compared to the FRET-based device without plasmon coupling. This performance improvement was attributed to the strong surface plasmon−exciton interactions in the donor−Au MNPs−acceptor layered architecture interspaced by polyelectrolyte spacer layers. Furthermore, by conducting PL and TRF measurements of the trilayer structure, we observed the reduction in PL and average lifetime of the donor NCs, along with the increase in PL and average lifetime of the acceptor NCs, and attributed these behaviors to the LSP-enhanced FRET mechanism. These observations strongly agreed with the device's photovoltage build-up readout, photosensitivity enhancement, and operating wavelength range extension in the case of using LSP-enhanced FRET in the device operation. Such a coupling of the FRET mechanism with plasmonics and its combined utilization in NC-based photovoltage controlled devices hold great promise for nanophotonic device applications.
METHODS
Chemicals. Cadmium oxide (CdO, 99.99%), zinc acetate (Zn-(acetate) 2 , 99.9%), sulfur (S, 99.9%), and selenium (Se, 99.99%) were supplied from Sigma-Aldrich in powder form. Oleic acid (OA, 90%), trioctylphosphine (TOP, 90%), 1-octadecene (1-ODE, 90%), dodecanethiol (DDT, 99%), and chloroform were bought from Sigma-Aldrich. All chemicals were used without further purification, and Milli-Q water was used throughout.
Colloidal Synthesis of Au MNPs. TGA-capped Au MNPs were synthesized by mixing 8 mL ethanol with 2 mL of 2g/L HAuCl 4 · 3H 2 O. Then 10 μL of TGA was added into the solution. After mixing for 15 min, 4 mg of NaBH 4 in 1 mL of Milli-Q water was injected quickly into the vigorously stirring solution. The solution was kept for 5 min and then cleaned via addition of isopropanol/centrifuging for three times. The resulting nanoparticles formed stable colloidal aqueous solutions and were stable in the solution without any coagulated particles at the bottom of vials for around two months. We observed that they were even stable in low concentration NaCl-water mixtures, which were generally utilized for the LBL coating process where citrate-stabilized Au nanoparticles fail. 50, 51 Colloidal Synthesis of CdSe/CdZnS NCs. Green-emitting NCs were synthesized according to a recipe of W. K. Bae et al. 39 First, 0.4 mmol of cadmium oxide and 4 mmol of zinc acetate were put into a 100 mL three-neck flask. Then, 17.6 mmol of oleic acid and 20 mL of 1-octadecene were added to the flask, and the temperature was raised to 150°C under reduced pressure to eliminate the oxygen and moisture. After 30 min, the flask was filled with argon gas, and the temperature was further raised to 310°C. Meanwhile, a mixture of 0.1 mmol of elemental selenium and 4 mmol of sulfur powder in 3 mL of TOP was prepared in a N 2 -filled glovebox with stirring. When the temperature of the flask reached 310°C, this mixture was injected into the hot solution swiftly. After the NCs reached the desired emission peak wavelength, the growth was stopped by cooling the solution down to the room temperature. NCs were cleaned with the addition of acetone and centrifugation. Then, NCs were dissolved in pure hexane for further studies.
For the red-emitting NCs, we followed a slightly modified version of the Z. Soran-Erdem et al. 52 1 mmol of cadmium oxide and 2 mmol of zinc acetate were put into a flask. Then, 2.5 mL of oleic acid and 25 mL of 1-octadecene were added. To remove the oxygen and moisture from the flask, it was degassed under vacuum at 100°C for 2 h. After degassing, the flask was filled with pure argon gas and heated to 310°C
. A solution of 0.2 mmol of elemental selenium in 0.2 mL of TOP and 0.8 mmol of 1-ocadecene was prepared in a glovebox, and it was injected to the hot solution quickly. After a minute, a mixture of 0.3 mL of DDT and 0.8 mmol of ODE was injected into the flask dropwise. After 20 min of growth, the second shell layer was deposited by injecting a solution of 2 mmol of sulfur powder in 1 mL of TOP into the growth mixture. An additional 10 min of growth was performed, and the flask was brought to room temperature. Assynthesized NCs were cleaned with the addition of acetone and centrifugation. Then, NCs were dissolved in pure hexane for further studies.
Ligand Exchange of CdSe/CdZnS NCs. To benefit from the LBL techniques, we performed ligand exchange and obtained water-soluble NCs according to the following recipe: As the first step, 15 mL of pure methanol and 250 μL of MPA were mixed. Then, 30 mL of pure hexane was added, and the mixture was placed in a sonicator. A dispersion of NCs in 2 mL of hexane was prepared and added to the mixture dropwise. After 30 min of sonication, it was centrifuged, and the supernatant was discarded. The precipitate was dissolved in a minimum amount of Milli-Q water. Then, pure acetone was added, and the mixture was centrifuged to clean the excess MPA. The precipitate was dissolved in Milli-Q water, filtered, and used for the LBL assembly.
Time-Resolved Fluorescence Measurements. TRF measurements were recorded using a pulsed laser excitation of 375 nm (3.3 eV) with a pulse width <50 ps at a repetition rate of 5 MHz, focused into a spot size of 37 μm 2 on the sample. To stay in the single exciton regime operation, the excitation fluency was intentionally adjusted low enough at around 5 × 10 12 photons/cm 2 per pulse. The multiexponential fitting via deconvolution of the instrument response function which led to the best χ 2 values was used to fit the TRF decays. To calculate the amplitude-averaged lifetime, following equation was used τ avg = (Σ(A i τ i ))/(Σ(A i )).
